Using a rat model, we investigated the effects of circulating factors in pregnancy on cerebrovascular and systemic vascular function by comparing myogenic reactivity, tone, and endothelial vasodilator production of the posterior cerebral artery (PCA) and mesenteric artery (MA) of nonpregnant (NP) animals perfused with nonpregnant and pregnant human plasma. Arteries from late pregnant (LP) animals were then perfused similarly to evaluate a potential adaptive effect of pregnancy on vessel function. A 3-hour exposure to pregnant plasma caused increased myogenic reactivity and tone in vessels from NP animals and produced a decreased endothelium-derived hyperpolarizing factor response in NP PCAs, findings that were not seen with MAs. The increased reactivity and tone noted in NP vessels was abolished when pregnant plasma was perfused through LP arteries, suggesting these vessels adapt during pregnancy to the vasoconstricting influence of pregnant plasma.
INTRODUCTION
Maternal cardiovascular adaptation to gestation is an important process necessary for maintenance of normal pregnancy and has been studied at length in several vascular beds, including renal, mesenteric, and uterine. [1] [2] [3] The physiologic changes accompanying normal pregnancy are thought to occur due to a combination of circulating hormonal factors and a corresponding adaptation of the vasculature to these factors. [4] [5] [6] [7] For example, angiotensin II (Ang II) levels rise significantly during pregnancy, but the vasculature adapts such that the pregnant state is refractory to the vasoconstricting actions of this hormone. [8] [9] [10] [11] Similar to other vascular beds, the cerebral circulation also appears to adapt to pregnancy. For example, cerebral vessels from late pregnant (LP) rats exhibit significantly different reactivity to increases in intravascular pressure than vessels from nonpregnant (NP) rats, losing the ability to maintain myogenic reactivity at higher intravascular pressures. 12 In addition, endothelium-dependant vasodilator production is different in cerebral vessels from LP rats than from NP rats. 12 These studies suggest that cerebral vessels adapt to pregnancy, but the effect of circulating factors is currently unknown. Understanding the impact of normal pregnancy and the influence of circulating factors on cerebral blood flow and cerebrovascular resistance is important as alterations in cerebral perfusion are linked to pathologic processes such as eclampsia. 13 In the current study, we used a combination of an animal model and human plasma to investigate the effect of circulating factors in the plasma of pregnant women on cerebral artery reactivity and endothelium-dependant vasodilator production by perfusing arteries from NP rats with plasma from NP women and normotensive pregnant women. In addition, the effect of pregnancy on cerebral vessels was investigated by comparing arteries from NP and LP rats with a common pregnant plasma perfusate. Finally, to determine whether effects of pregnant plasma were specific to the cerebrovasculature or represented a systemic effect, paired experiments examining the change in function of the posterior cerebral artery (PCA) versus the mesenteric artery (MA) were compared from each animal.
MATERIALS AND METHODS

Patients and Plasma Samples
Blood samples were collected from patients enrolled in a simultaneous ongoing Institutional Review Board (IRB) approved study at the University of Vermont. Institutional Review Board exemption was granted to use these previously frozen plasma samples. Plasma was pooled from 2 groups of women: a group of NP women with no known medical problems (control) and normotensive pregnant women with uncomplicated pregnancies. The control group (n ¼ 6) had an average age of 31.5 (range 23-42) and were not taking any medication. Twelve healthy pregnant women with no history of hypertension, diabetes, or infection were included in the normal pregnant group. Their average age was 30.3 years (range 20-41), and average gestational age at venipuncture was 33.4 weeks (range 31.1-36.1). Blood samples were collected from patients into vacutainer tubes containing either ethylenediaminetetraacetic acid or lithium heparin. Blood was centrifuged at 1400g to 1600g, the plasma removed, aliquoted, and the pooled samples frozen at -80 C until experimentation.
Animals
All procedures were approved by the University of Vermont Institutional Animal Care and Use Committee and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. To determine whether vascular adaptation to pregnancy influenced the reactivity of resistance arteries to pregnant plasma, the reactivity of arteries from NP and LP animals were compared. Either female virgin NP (body wt: 245-295 g) or LP (day 19, body wt: 390-402 g) Sprague-Dawley rats were used. The animals were housed in the Animal Care Facility, an Association for Assessment and Accreditation of Laboratory Animal Care accredited facility. Animals had access to food and water ad libitum and maintained a 12-hour light/dark cycle.
Posterior cerebral arteries (PCAs) and MAs from NP animals were compared to determine the effect of pregnant plasma on vessel function. To assess this, vessels from NP animals only were perfused intraluminally with either nonpregnant control plasma (n ¼ 9 for PCA, n ¼ 6 for MA) or pregnant plasma (n ¼ 6 for PCA, n ¼ 7 for MA). Separately, we tested the hypothesis that pregnancy would cause vessels to have an adaptive effect, attenuating or modifying the influence of pregnant plasma. This was performed by comparing vessels from LP animals and vessels from NP animals using a common pregnant plasma perfusate (n ¼ 6 for PCA, n ¼ 6 for MA).
Preparation of Arterial Segments and Arteriograph System
After being anesthetized with isofluorane, animals were quickly decapitated. The brain and a portion of mesentery were quickly removed and placed in cold physiologic saline solution (HEPES buffer) at pH 7.4 + 0.05. A pressurized arteriograph system (Living Systems Instrumentation Inc, Burlington, Vermont) was used for all isolated vessel experiments as previously described. 12 To determine the effect of pregnant plasma on vascular reactivity and vasodilator production, vessels were perfused intraluminally with either 20% or 40% plasma in HEPES from control or pregnant women. The suffusate consisted of HEPES solution only. A third-order branch of the PCA or a third-order branch of the MA from NP or LP rats was perfused with control or pregnant plasma. The proximal cannula was attached to a servomechanism and inline pressure transducer that controlled intravascular pressure. No flow was present through the vessels as the distal cannula was closed off. The entire chamber was transferred to an inverted microscope with a video camera and a video dimension analyzer (VDA), allowing for measurement of lumen diameter and vessel wall thickness. Output from the VDA was sent to a computer with data-acquisition software (WINDAQ) for continuous recording of vessel diameter and intravascular pressure.
Experimental Protocol
After vessels were perfused with either control or pregnant plasma, intravascular pressure was set to 25 mm Hg for a 1-hour equilibration. This resulted in a total exposure time of the vessel to plasma for approximately 3 hours. Active myogenic responses were determined by increasing intravascular pressure to 150 mm Hg in 25 mm Hg increments. Lumen diameter and wall thickness were measured at each pressure once stable. Intravascular pressure was set to 75 mm Hg for the remainder of the experiment. After myogenic responses were determined, a single concentration of N o -nitro-L-arginine (L-NNA, 0.1 mmol/L), a nitric oxide synthase (NOS) inhibitor, was added to the vessel bath and lumen diameter and wall thickness measured. The resulting vasoconstriction was used as a measure of basal NO production. A single concentration of indomethacin (10 -5 mol/L) was then added to the vessel bath to inhibit cyclooxygenase (COX), and any change of vessel diameter was used as a measure of basal prostacyclin production. In the presence of NOS and COX inhibition, increasing concentrations of calcium ionophore (A23187) were cumulatively added to the bath (10 -5 to 10 -7 mol/L) and lumen diameter at each concentration was measured to determine endothelium-derived hyperpolarizing factor (EDHF) response. At the end of the experiment, a single concentration of papaverine (0.1 mmol/L) was added to the vessel bath to inactivate vascular smooth muscle and obtain fully relaxed passive vessel diameters at intravascular pressures between 25 mm Hg and 150 mm Hg.
After completion of the experiment with the PCA, a third-order branch of the MA was mounted in an identical fashion. The above steps of the experiment were repeated with the following exceptions: cumulative concentrations of acetylcholine (10 -8 to 10 -6 mol/L) were used to assess EDHF responsiveness. Additionally, a single concentration of phenylephrine (10 -7 mol/L) was given prior to acetylcholine to precontract the vessels as MAs develop little basal tone.
A separate set of experiments was done to determine the effect of 20% versus 40% pregnant plasma on vessel reactivity, tone, and endothelial vasodilator production. Experiments were repeated in identical fashion as listed above for PCAs from NP and LP animals with the exception that they were perfused with 40% control plasma (n ¼ 4 for NP vessels, n ¼ 6 for LP vessels) instead of 20%. Mesenteric arteries were also evaluated using 40% perfusate for myogenic reactivity, tone, and basal NO and prostacyclin production.
Data Calculations
Vessel tone was calculated assessing passive and active diameters at each pressure using the equation
where j active and j papaverine are the vessel's active diameter and the diameter in the presence of papaverine, respectively.
Constriction in response to L-NNA was measured as a percentage decrease of vessel diameter from its baseline diameter at 75 mm Hg.
Vessel response to indomethacin was calculated using the equation [1 -(j indomethacin / j L-NNA ) Â 100%] where j indomethacin and j L-NNA represent vessel diameter after the addition of indomethacin and L-NNA to the vessel bath, respectively.
Percentage dilation to 1.0 mmol/L A23187 was calculated using the equation [((j 1.0mM -j start ) / j start ) Â 100%] where j 1.0 mmol/L represents vessel diameter at a A23187 concentration of 1 mmol/L.
Drugs and Solutions
HEPES and indomethacin were purchased from Fisher Scientific (Hampton, New Hampshire); papaverine, L-NNA, phenylephrine, calcium ionophore, and acetylcholine were purchased from Sigma (St Louis, MO). HEPES physiologic salt solution was made fresh daily and consisted of (mmol/L): 142.0 NaCl, 4.7 KCl, 1.71 MgSO 4 , 0.50 EDTA, 2.8 CaCl 2 , 10.0 HEPES, 1.2 KH 2 PO 4 , and 5.0 dextrose. L-NNA, indomethacin, phenylephrine, acetylcholine, and papaverine were made fresh weekly at 10 -2 mol/L or 10 -3 mol/L stock solutions and stored at 4 C.
Statistical Analysis
All data are presented as mean + SE. Differences between control and pregnant plasma and between different vessels with the same plasma were determined using Student t test or ANOVA with a posthoc analysis for multiple comparisons. Differences were considered significant at P < .05. Differences between PCAs and MAs were also analyzed and determined using unpaired t test.
RESULTS
Effect of Circulating Factors in Pregnant Plasma on Myogenic Activity and Tone in NP Vessels
Arteries from NP animals were perfused with either control or pregnant plasma to determine the effect of plasma from pregnant women on vascular function. Posterior cerebral arteries perfused with both types of plasma demonstrated considerable myogenic activity as demonstrated by the amount of vasoconstriction measured in response to increased intravascular pressure. The active response of PCAs to stepwise increases of intravascular pressure along with passive pressure curves are shown in Figure 1A . Nonpregnant vessels perfused with control plasma dilated at pressures below the myogenic pressure range, from 25 to 50 mm Hg, then constricted and exhibited increased myogenic tone as pressure was increased to 75 mm Hg ( Figure 1B ). This level of active constriction was maintained up to 150 mm Hg. In contrast, NP vessels perfused with pregnant plasma constricted significantly more than vessels perfused with NP plasma, and developed greater myogenic tone at lower pressures. The difference in active diameters was not due to vessel size as both groups had similar passive diameters (also shown in Figure 1A ).
Unlike PCAs, MAs demonstrated considerably less myogenic reactivity, as demonstrated by the increase in lumen diameters with increased intravascular pressure between 25 and 100 mm Hg (Figure 2A ). The amount of tone obtained by MAs was significantly less than that obtained by the PCAs (P < .001 at intravascular pressures 75 mm Hg-150 mm Hg), but there was no difference in the amount of tone in NP vessels perfused with either type of plasma ( Figure 2B ).
Adaptation of Vessels From LP Animals to Pregnant Plasma Perfusate
To determine whether vascular adaptation to pregnancy could influence the reactivity of vessels to pregnant plasma, the response to pregnant plasma was compared in arteries from NP and LP animals. Posterior cerebral arteries (PCAs) from NP animals constricted and developed myogenic reactivity and tone that was maintained at intravascular pressures up to 150 mm Hg ( Figure 3A and B) . PCAs from LP animals constricted less than PCAs from NP animals. There was no significant difference in tone between LP and NP vessels. In fact, myogenic reactivity and tone in LP vessels perfused with pregnant plasma were similar to what was noted with NP vessels perfused with control plasma, suggesting these vessels adapt during pregnancy to the vasoconstricting influence of pregnant plasma.
Mesenteric arteries had considerably less myogenic reactivity (ie, constriction in response to increased pressure) and significantly less tone than PCAs (P < .01 at intravascular pressures 75 mm Hg to 150 mm Hg). Myogenic reactivity and tone were unaffected by the type of plasma perfused through either vessels from NP or LP animals ( Figures 4A and B) . from NP and LP animals constricted in response to NOS inhibition with L-NNA, indicating basal NO production. There was no difference in the amount of constriction between arteries from NP or LP animals or with plasma type, suggesting the effect of circulating factors in pregnant plasma on tone was not due to a decrease in basal NO production. The addition of indomethacin to inhibit COX caused minimal changes to vessel diameters that were not different between the groups (Figure 5A and B) . . Adaptation of posterior cerebral arteries to pregnancy. A, Active and passive pressure versus diameter curves with a common pregnant plasma perfusate. The increased myogenic reactivity seen when pregnant plasma (P < .05 at 100 and 125 mm Hg using t test) was perfused through nonpregnant (NP) vessels is abolished when pregnant plasma is perfused through vessels from late pregnant (LP) animals, suggesting that pregnancy promoted vessel adaptation to adapt to the vasoconstricting influence of pregnant plasma. Passive vessel diameters were similar (seen in dotted lines). B, Percentage tone achieved by different vessel types with common pregnant plasma perfusate. There was no significant difference between the amount of myogenic tone achieved by different vessel types.
Basal NO and Prostacyclin Production
Effect of Circulating Factors in Pregnant Plasma on EDHF Activity in NP Vessels
Addition of A23187 in the presence of NOS and COX inhibition was used to assess EDHF response in PCAs from NP animals perfused with control or pregnant plasma. This is a commonly used approach to assess EDHF responsiveness. 14, 15 A23187 caused dilation in both groups; however, EDHF dilation was diminished in NP vessels exposed to pregnant plasma, suggesting circulating factors during normal pregnancy inhibit stimulated EDHF ( Figure 6A ). The percent dilation to 1.0 mmol/L A23187 in PCAs perfused with control versus pregnant plasma was 111% + 17% versus 35% + 11%; P < .01. Endothelium-derived hyperpolarizing factor (EDHF) response in MAs was elicited by adding acetylcholine to the vessel bath in the presence of NOS and COX inhibition. Acetylcholine caused dilation in vessels from NP animals perfused with either control or pregnant plasma ( Figure 6B ). There was no significant difference in EDHF dilation between plasma groups.
Adaptation EDHF Response in Vessels From LP Animal to Pregnant Plasma Perfusate
To determine whether the vascular adaptation to pregnancy affects EDHF responsiveness to pregnant plasma, EDHF activity in vessels from LP animals perfused with pregnant plasma was compared to vessels from NP animals perfused with the same type of plasma ( Figure 7A  and B ). There was no significant difference between PCAs and MAs from LP animals and NP animals perfused with pregnant plasma.
Effect of 40% Plasma Perfusate on Vascular Reactivity and Endothelial Vasodilator Production
A separate set of experiments with NP and LP animals was completed to compare the effect of 20% versus 40% pregnant plasma on vessel function. There was no difference between myogenic reactivity, tone or endothelial vasodilator production in PCAs from NP or LP animals with 40% perfusate versus 20% perfusate (data not shown). Consistent with findings using 20% pregnant plasma, PCAs from LP animals perfused with 40% plasma had greater active lumen diameters and decreased myogenic tone compared to vessels from NP animals perfused with 40% plasma, again demonstrating an adaptation to pregnancy that counteracts the vasoconstricting effects of pregnant plasma (data not shown). Endothelial vasodilator activity was similar in all cerebral vessels. Mesenteric arteries from NP animals perfused with 40% pregnant plasma exhibited similar myogenic reactivity and tone to those perfused with 20% plasma. Mesenteric arteries from NP animals perfused with 40% pregnant plasma had similar constriction to L-NNA compared with MAs from LP animals, suggesting basal NO production was similar in both groups. Reactivity to indomethacin was also similar with both concentrations of plasma perfusate.
DISCUSSION
Results from this study suggest the presence of circulating factors in plasma of normal pregnant women, which selectively affects reactivity and tone of cerebral arteries versus systemic arteries. This was demonstrated by the finding that pregnant plasma elicited a significant vasoconstricting effect on NP cerebral vessels, increasing the level of basal tone. However, pregnancy produced a vascular adaptation that counteracted the vasoconstricting properties of pregnant plasma such that cerebral arteries from LP animals no longer constricted to pregnant plasma but had reactivity and tone similar to vessels from NP animals perfused with control plasma. Together, these results suggest that both circulating factors and vessel adaptation may play a role in maintaining cerebrovascular function in pregnancy.
The mechanism by which circulating factors in pregnant plasma increase myogenic tone is unclear, but is unlikely related to NO or prostacyclin production. There were no differences in constriction to L-NNA or indomethacin in vessels from NP animals perfused with control or pregnant plasma, suggesting basal NO and prostacyclin production were not affected. Despite our finding of decreased EDHF responsiveness in PCAs from NP animals exposed to pregnant plasma, this is unlikely related to the increased tone noted in PCAs from NP animals perfused with pregnant plasma because there needs to be basal EDHF production for this vasodilator to affect myogenic tone. Although basal EDHF activity has been shown in brain parenchymal arterioles, our lab has found that pial arteries such as PCAs do not exhibit basal EDHF. 16 It is therefore unlikely that inhibition of EDHF production by pregnant plasma was responsible for the increase in basal tone.
Another possible explanation for the increase of myogenic reactivity and tone in PCAs from NP animals exposed to pregnant plasma may be the presence of a vasoconstrictor in the pregnant plasma, such as thromboxane, endothelin-1 (ET-1), or Ang II. Thromboxane is a potent vasoconstrictor that increases as pregnancy progresses and opposes the actions of prostacyclin. 17, 18 Walsh et al demonstrated preeclamptic placentas produced more than 3 times the amount of thromboxane and less than one half the amount of prostacyclin as normal placentas, thought to contribute to a net vasoconstricted state throughout the body. 19 However, thromboxane is less likely to be causing increased reactivity and tone in vessels from NP animals exposed to pregnant plasma seen in our experiments as the amount of constriction to COX inhibition with indomethacin was similar between vessel and plasma types. Another vasoconstrictor that may be present in the pregnant plasma used in our experiments is ET-1. It has been postulated that increased levels of ET-1 may be capable of counteracting the vasodilatory effect on NO. 20, 21 Perhaps the most likely candidate for a vasoconstrictor enabling pregnant plasma used in our study to elicit increased myogenic reactivity and tone in NP arteries is Ang II. Ang II is a potent vasoactive compound that elicits action through 2 receptor subtypes: AT 1 receptor activation results in vasoconstriction while the AT 2 receptor mediates vasodilation. 22, 23 Multiple studies have shown there to be increased circulating levels of Ang II with pregnancy. 8, 9, 24 In addition, Ang II has been found to induce constriction in cerebral arteries of NP female and male rats or mice by acting on the AT 1 receptor subtype. [25] [26] [27] [28] Though experiments have yet to be performed on pregnant rats, and less constriction has been seen in female animals compared with male, it is plausible that the human pregnant plasma used in our study contains increased levels of Ang II, causing an increase in myogenic reactivity and tone. 27, 28 Although vessels from NP animals perfused with pregnant plasma exhibited greater myogenic reactivity and tone than arteries perfused with control plasma, constriction was abolished when pregnant plasma was perfused through vessels from LP animals. This finding suggests that the cerebrovasculature adapts to the vasoconstricting effect of pregnant plasma, resulting in a more relaxed state. The mechanism of this vascular adaptation is unclear; however, one possibility involves the vasodilatory effects of AT 2 receptors. Studies have shown that Ang II activates AT 2 receptors and may induce the release of vasodilators such as NO and EDHF. 23,29-31 AT 2 receptors are heavily expressed in placental and fetal tissue, and vascular AT 2 receptors in rats, including in the aorta and mesenteric artery, increases with both estrogen exposure as well as pregnancy. 23, 29, [32] [33] [34] [35] It is plausible that pregnancy and its resulting increase in estrogen increases cerebrovascular expression of AT 2 receptors such that vessels are able to normalize the vasoconstricting effects of pregnant plasma perfusate.
The specific effect of pregnant plasma on vascular tone in cerebral arteries versus MAs is not clear but may be due to the unique properties of cerebral arteries. Cerebral pial arteries are known to demonstrate myogenic tone and contribute to segmental vascular resistance in the brain. 36, 37 Though MAs in our experiments demonstrated little tone, the MAs used were third-order branches of the mesenteric artery with average intraluminal diameters that were significantly larger than the thirdorder branches of the PCAs used. It is possible that smaller resistance-sized MAs would develop myogenic reactivity and tone and would react more similarly to PCAs. Our findings contrast those from Merchant et al, who found that MAs from virgin NP mice developed increased tone when exposed to plasma pooled from NP women compared to pregnant women. 38 In that study, vessels were exposed extraluminally to 2% plasma for approximately 1 hour. This is in contrast to the current study in which vessels were exposed intraluminally to a higher, more physiological level of plasma. 38 It is likely that extraluminal incubation in plasma in the previous study directly affected vascular smooth muscle that is not normally exposed to plasma and did not allow a higher concentration to be used.
There are several limitations of this study, which are worth noting. First, our study examined the effects of plasma on isolated cerebral vessels using an in vitro approach. Because the entire brain vasculature is not intact, upstream and downstream influences such as shear stress and flow are not accounted for. Second, we examined cerebral vascular function in a rat model of pregnancy perfused with human plasma, which may facilitate an interspecies interaction between human plasma and rat vasculature. Myers et al found the impaired endothelium-dependent relaxation demonstrated in isolated human myometrial arteries exposed to human preeclamptic plasma was not reproducible using mouse mesenteric and uterine arteries. 39 However, these experiments were performed with wire myography, a technique significantly different than the pressurized arteriograph used in our experiments. Another limitation to our study is the acute exposure the cerebral and MAs have to plasma of approximately 3 hours. The function of the PCAs and MAs may differ with chronic exposure to plasma. Another limitation is the discrepancy between the concentrations of plasma we used (20% and 40%) as a perfusate compared to physiologic values of about 60% to 65%. The concentrations used in the study were secondary to limitations of plasma availability. However, the current study attempted to mimic a more physiologic state, exposing vessels to plasma intraluminally and studying vessels that are pressurized. Prior studies investigating the effects of plasma on vessel function have involved comparing human omental and myometrial arteries from NP and normotensive pregnant women, which were incubated (intra and abluminally) in 2% plasma from normal pregnant or preeclamptic women for either 1-or 16hour periods. [39] [40] [41] [42] [43] In addition, while other studies have investigated the effect of pregnant plasma on MAs, this is the first study we are aware of investigating the effects of circulating factors in normal pregnancy on cerebral artery function.
In summary, the current study demonstrates the presence of circulating factors in the plasma of pregnant women, which increases cerebral artery reactivity and tone, and decreases EDHF production. This alteration
